We examined in vivo FLT3 inhibition in AML patients treated with chemotherapy followed by the FLT3 inhibitor lestaurtinib, comparing newly-diagnosed AML patients with relapsed patients. Because we noted that in vivo FLT3 inhibition by lestaurtinib was less effective in the relapsed patients compared with the newly-diagnosed patients, we investigated whether plasma FLT3 ligand (FL) levels could influence the efficacy of FLT3 inhibition in these patients. Following intensive chemotherapy, FL levels rose to a mean of 488 pg/mL on day 15 of induction therapy for newly-diagnosed patients, while they rose to a mean of 1148 pg/mL in the relapsed patients. FL levels rose even higher with successive courses of chemotherapy, to a mean of 3251 pg/mL after the fourth course. In vitro, exogenous FL at concentrations similar to those observed in patients mitigated FLT3 inhibition and cytotoxicity for each of 5 different FLT3 inhibitors (lestaurtinib, midostaurin, sorafenib, KW-2449, and AC220). The dramatic increase in FL level following chemotherapy represents a possible obstacle to inhibiting FLT3 in this clinical setting. These findings could have important implications regarding the design and outcome of trials of FLT3 inhibitors, and furthermore suggest a rationale for targeting FL as a therapeutic strategy.
Abstract
We examined in vivo FLT3 inhibition in AML patients treated with chemotherapy followed by the FLT3 inhibitor lestaurtinib, comparing newly-diagnosed AML patients with relapsed patients. Because we noted that in vivo FLT3 inhibition by lestaurtinib was less effective in the relapsed patients compared with the newly-diagnosed patients, we investigated whether plasma FLT3 ligand (FL) levels could influence the efficacy of FLT3 inhibition in these patients. Following intensive chemotherapy, FL levels rose to a mean of 488 pg/mL on day 15 of induction therapy for newly-diagnosed patients, while they rose to a mean of 1148 pg/mL in the relapsed patients. FL levels rose even higher with successive courses of chemotherapy, to a mean of 3251 pg/mL after the fourth course. In vitro, exogenous FL at concentrations similar to those observed in patients mitigated FLT3 inhibition and cytotoxicity for each of 5 different FLT3 inhibitors (lestaurtinib, midostaurin, sorafenib, KW-2449, and AC220). The dramatic increase in FL level following chemotherapy represents a possible obstacle to inhibiting FLT3 in this clinical setting. These findings could have important implications regarding the design and outcome of trials of FLT3 inhibitors, and furthermore suggest a rationale for targeting FL as a therapeutic strategy.
Introduction
Acute myeloid leukemia (AML) patients who harbor FLT3/ITD mutation have an exceptionally poor prognosis. [1] [2] Over the past decade, efforts have been underway to develop FLT3 inhibitors in the hopes of improving outcomes for these patients. 3 Several agents have now been studied as monotherapy for this disease and the results have been only modestly successful. While there have been a few remissions reported, the responses are usually limited to clearance of peripheral blasts, with persistence of disease in the marrow. In light of this, attention has turned to incorporating these agents into existing chemotherapy regimens, on the hypothesis that FLT3 inhibition will synergize with chemotherapy in inducing cytotoxicity. 4 Alternately, others have postulated that mobilizing the leukemia cells from the marrow might enhance the efficacy of FLT3 inhibition, and have therefore tested FLT3 inhibitors in combination with CXCR4 inhibition. 5 Several large trials of chemotherapy administered in combination with FLT3 inhibitors are either actively accruing or have recently completed accrual. Because chemotherapy may alter the pharmacokinetics of FLT3 inhibitors and therefore affect target inhibition in vivo, we examined FLT3 inhibition in patients receiving lestaurtinib, an indolocarbazole FLT3 inhibitor, from two separate trials in which the agent was combined with chemotherapy. We noted a discrepancy in the degree of FLT3 inhibition, as measured by a plasma inhibitory activity assay, between the two groups of patients.
We hypothesized that high levels of FLT3 ligand (FL), a cytokine which is known to increase following myelosuppressive therapy, could be interfering with FLT3 inhibition For personal use only. on June 11, 2017 . by guest www.bloodjournal.org From in these trials. We have therefore examined FL levels in response to chemotherapy and FLT3 inhibition, as well as the effect of FL levels on the efficacy of FLT3 inhibitors in vitro and in vivo. Our findings may explain why blasts in the bone marrow are more resistant to FLT3 inhibitors, and furthermore have important implications both for FLT3 mutant AML as a disease as well as for efforts to incorporate FLT3 inhibitors into AML therapy.
Methods

Clinical Trials
Plasma samples from 4 separate clinical trials of FLT3 inhibitors were used in this study.
The Cephalon 204 trial was a randomized trial of lestaurtinib administered in sequence with chemotherapy for AML patients with FLT3 activating mutations in first relapse. 6 Chemotherapy consisted of MEC (mitoxantrone, etoposide, and cytarabine) or HiDAc (high dose cytarabine). There were 123 total plasma samples from 72 patients on the Cephalon 204 trial available for FLT3 ligand analysis, with corresponding lestaurtinib drug levels on all of them. The MRC AML15 trial was a randomized trial of lestaurtinib administered in sequence with chemotherapy (ADE-cytarabine, daunorubicin, etoposide) for newly diagnosed AML patients with FLT3 activating mutations. Patients on AML15 receive additional cycles of chemotherapy, each followed by lestaurtinib, for a total of 4 courses. The chemotherapy regimens have been previously published. 7 A total of 155 plasma samples from 69 patients on the AML15 trial were available for analysis of FL   levels (62 from course 1, 43 from course 2, 30 from course 3, and 20 from course 4), but corresponding lestaurtinib drug levels on samples from only 18 of these patients. The CP00001 trial is a phase I dose escalation trial of AC220 in relapsed or refractory AML patients. 8 Johns Hopkins Protocol J0509 was an open label dose-escalation study of sorafenib for relapsed or refractory AML patients. 9
Patient samples (plasma and blasts)
Leukemia cell specimens, leukemia plasma samples, and normal donor plasma samples were provided by the Sidney Kimmel Cancer Center at Johns Hopkins Tumor and Cell Procurement Bank, supported by the Regional Oncology Research Center Grant # 2 P30 CA 006973-44. Collection and shipment of leukemia plasma samples from the MRC AML15 trial was approved by the Wales Multicentre Research Ethics Committee and the Local Research Ethics Committee at each participating institution. All samples used in this study were from patients who gave informed consent according to the Declaration of Helsinki. The specimens were obtained by Ficoll-purifying mononuclear cells from the peripheral blood of patients with FLT3/ITD AML. The mononuclear cells were aliquoted and stored frozen in liquid nitrogen in fetal bovine serum with 10% DMSO for repeated use. Prior to each use, aliquots of these blasts were thawed rapidly into warm culture medium, incubated for 12 hours, and then re-centrifuged over Ficoll to eliminate cells dying from the freeze-thaw process. Using this method we obtained blasts that For personal use only. on June 11, 2017. by guest www.bloodjournal.org From maintained satisfactory viability (as determined by Trypan blue exclusion) and responsiveness to cytotoxic agents in culture over 72 hours.
Cell culture
All cell lines and primary blast samples were cultured in culture medium, consisting of RPMI/10% fetal bovine serum (FBS; Millipore, Bedford, MA), at 37 o C in 5% CO 2 .
Ficoll-Hypaque was obtained from GE Healthcare (Piscataway, N.J.). Molm-14 cells were obtained from the DSMZ (Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany). The TF/ITD cell line was derived by transfecting the GM-CSF dependent TF-1 cell line with an expression vector containing the FLT3 coding sequence for an ITD mutation from an AML patient, as described. 10 The resultant TF/ITD line is growth factor independent and expresses constitutively phosphorylated FLT3.
Cytotoxicity was assessed using an MTT (Dimethyl-thiazol diphenyl tetrazolium bromide) assay. In selected cases, we also used an Annexin-V binding apoptosis assay to confirm that the cytotoxic effect observed (or lack thereof) was associated with an equivalent degree of apoptosis. MTT (Roche, Indianapolis, IN) and Annexin V (Pharmingen, San Diego, CA) assays were performed as described previously. 11
FLT3 phosphorylation
For personal use only. on June 11, 2017. by guest www.bloodjournal.org From Leukemia cells were incubated in culture medium or normal donor plasma. Leukemia cells were washed in PBS, and then lysed by re-suspending them in lysis buffer, made up of 20 mM Tris pH 7.4, 100 mM NaCl, 1% Igepal (Sigma, St. Louis, Mo), 1 mM EDTA, 2 mM NaVO4, plus Complete protease inhibitor (Roche, Indianapolis, IN). After rocking for 30 minutes in lysis buffer, the extracts were clarified by centrifugation at 16,000 x g and the supernatants were assayed for protein (Bio-Rad, Richmond, CA). A 50 ug aliquot was removed as whole-cell lysate for analysis of STAT5, and the remainder was used for immunoprecipitation with anti-FLT3. Anti-FLT3 antibody (S18; Santa Cruz Biotechnology, Santa Cruz, CA) was added to the extract for overnight incubation, then protein A sepharose (Upstate Biotechnology, Lake Placid, NY) was added for 2 additional hours. Separate SDS-PAGE (sodium dodecylsulfate polyacrylamide electrophoresis) gels for whole-cell lysate and immunoprecipates were run in parallel, After transfer to Immobilon membranes (Millipore, Bedford, MA), immunoblotting was performed with antiphosphotyrosine antibody (4G10; Upstate Biotechnology, Lake Placid, NY) to detect phosphorylated FLT3, and then stripped and re-probed with anti-FLT3 antibody to measure total FLT3. Proteins were visualized using chemiluminescence (ECL; GE Healthcare, Piscataway, NJ), exposed on Kodak BioMax XAR Film, developed, and scanned using a BioRad GS800 densitometer. The concentration of drug for which the phosphorylation of FLT3 was inhibited to 50% or 80% of its baseline (IC 50 or IC 80 ), or for cytotoxicity, was determined using linear regression analysis of the dose response curves after linear transformation using an exponential model (CalcuSyn software, Biosoft, Inc., Cambridge, UK)
For personal use only. on June 11, 2017. by guest www.bloodjournal.org From
Inhibitors
Five FLT3 inhibitors were used in this study: lestaurtinib (CEP-701), midostaurin (PKC412), AC220, sorafenib (BAY43-9006), and KW-2449. [11] [12] [13] [14] [15] FLT3 inhibitors were obtained as powder and dissolved in dimethyl sulfoxide (DMSO) at stock concentrations of 10 mM. Stocks were aliquoted into 10 uL volumes and stored at -80 o C and thawed immediately before use. Lestaurtinib was supplied by Cephalon, Inc. (Frazer, PA). AC220 was supplied by Ambit Biosciences, Inc. (La Jolla, CA). KW-2449 was supplied by Kyowa Kirin, Inc., (Mishima, Japan). Sorafenib and midostaurin were obtained from LC Laboratories, Inc. (Woburn, MA). All samples in any given experiment contained identical concentrations of DMSO, which were always less than 0.01%.
Plasma Inhibitory Activity Assay
For the plasma inhibitory activity assay (PIA) was performed as described. 16 Briefly, frozen plasma samples were thawed and clarified by centrifugation at 16,000 x g for 2 minutes. For each time point, 2 x 10 6 TF/ITD were incubated with 1 ml plasma at 37 o C for 1 hour. The cells were washed twice with ice-cold PBS then lysed. After immunoblotting for phosphorylated FLT3 as described above, densitometric analysis was performed on the bands and the PIA for each plasma sample was calculated by nm. Quantification was based on a 1/(x 2 )-weighted linear regression analysis of the peak For personal use only. on June 11, 2017. by guest www.bloodjournal.org From height ratios of lestaurtinib to the internal standard versus nominal concentration, from extracted human plasma calibration standards. The quantifiable range of the assay was from 5.00 to 1,000 ng/mL of human plasma. Within-run and between-run coefficients of variation over the assay range during method validation were ≤ 6.5% and ≤ 9.9%, respectively. Within-run accuracy and between-run accuracy were 94.9-113% and 101-104%, respectively.
Alpha-1 acid glycoprotein
Alpha-1 acid glycoprotein (AAG) was assayed using an immunodiffusion assay kit obtained from Kent Laboratories, Inc. (Bellingham, WA, USA).
Statistics
Statistical analyses were performed using a Student' 2-tailed t test.
Results
More effective FLT3 inhibition seen in newly diagnosed versus relapsed patients
Using a PIA assay for FLT3, 16 we examined in vivo FLT3 inhibition in AML patients treated with chemotherapy followed by lestaurtinib, comparing newly-diagnosed AML For personal use only. on June 11, 2017. by guest www.bloodjournal.org From patients (enrolled on the MRC AML15 trial) with relapsed patients enrolled on the Cephalon 204 trial. Both groups of patients had been treated with a 3 drug regimen followed by lestaurtinib dosed twice daily. The dose of lestaurtinib in the AML15 trial ranged from 40 mg to 80 mg twice daily. Using plasma samples collected at or near trough time points on Day 15 from the beginning of chemotherapy, for which we had both PIA data and lestaurtinib drug levels measured (72 from the 204 trial, 18 from the AML15 trial), in patients taking 80 mg twice daily of lestaurtinib, we were interested to note that in vivo FLT3 inhibition by lestaurtinib appeared to be distinctly less effective in the relapsed patients (204 trial) compared with the newly-diagnosed patients (AML15 trial). Preliminary data from both trials indicates that FLT3 inhibition to less than 15% of baseline at this time point is strongly correlated with remission in both groups of patients. 6, 17 As summarized in Table 1 , the mean level of FLT3 activity, as determined from the PIA assay, on Day 15 for patients in the AML15 trial is significantly (p = 0.0004) less than for those in the 204 trial. Both groups of patients were receiving the same dose of lestaurtinib, and samples were collected on or around Day 15. In vitro and early phase clinical studies of lestaurtinib and other FLT3 inhibitors indicated that FLT3 autophosphorylation needed to be suppressed to below 15% of baseline in order to induce a cytotoxic effect in AML cells. [10] [11] [15] [16] Out of 78 samples available for this analysis from the 204 trial, only 46 (59%) achieved this target level of inhibition, whereas all 18 AML15 samples analyzed were below 15% of baseline FLT3 activity. Based on results from the monotherapy trials of lestaurtinib, 10, 18 we had predicted that trough levels of 5 uM in vivo would be sufficient to induce FLT3 inhibition to this degree. However, despite a mean plasma level of 12.3 uM ( Table 1) , inhibition in the 204 trial patients was For personal use only. on June 11, 2017. by guest www.bloodjournal.org From significantly less effective than for those in AML15. This could in part be explained by the fact that plasma levels of lestaurtinib were modestly higher for the AML15 patients (16.4 uM versus 12.3 uM, p = 0.102; Table 1 ), but the failure to achieve a more consistent level of FLT3 inhibition in the relapse patients was still unexpected, given the trough plasma concentrations observed. Lestaurtinib is highly protein bound, particularly to AAG, such that higher plasma levels of this acute phase reactant could potentially limit free drug levels in the 204 trial patients. However, AAG levels were actually modestly higher in the AML15 trial patients ( Table 1) , hence this would not explain the difference in inhibitory activity.
Plasma FLT3 ligand levels are elevated following chemotherapy
FLT3 Ligand (FL) has been previously shown to influence the in vitro effects of lestaurtinib. [19] [20] Furthermore, it has previously been shown that plasma FL levels rise during periods of bone marrow aplasia induced by chemotherapy or radiation. 21-22 23-27 Given that in both of these trials lestaurtinib was administered following intensive chemotherapy, we decided to examine FL levels in the plasma samples available to us.
To derive an estimate of FL levels in newly diagnosed AML patients, we tested plasma from 7 consecutive AML patients presenting to our institution at diagnosis. The FL levels for these 7 patients ranged from 2 to 6 picograms/mL (pg/mL), with a mean of 3 pg/mL and a standard deviation (SD) of 2. For AML patients at first relapse, we tested 72 baseline plasma samples from the Cephalon 204 trial. In these patients there was considerably more variation in FL levels, ranging from 2 pg/mL to as high as 2953
For personal use only. on June 11, 2017. by guest www.bloodjournal.org From pg/mL (mean 57 pg/mL, SD 348). Shown in Figure 1A are the individual and mean FL levels for Day 15 of Course 1 of induction therapy for the newly diagnosed AML15 patients compared with Day 15 of salvage chemotherapy for the relapsed Cephalon 204 trial patients. While there is wide individual variation in FL levels in both trials, as a group the relapsed patients have significantly higher levels. We also had plasma samples available from subsequent courses of chemotherapy from the AML15 trial (all on Day 15 of each course), and mean FL levels rise higher with each subsequent course ( Figure 1B) .
The FL level on Day 15 of the second course of chemotherapy for the AML15 patients was comparable in magnitude to that seen in the relapse patients on Day 15 of their salvage therapy. Previous studies have shown that FL levels rise, then fall after aplasiainducing therapy. [25] [26] From the Cephalon 204 trial, we also had plasma samples collected on or around Day 42 with which we were able to examine FL levels in individual patients during recovery from a single course of chemotherapy. Results from these samples ( Figure 1C) indicate that in many cases FL levels remain elevated for weeks after initiation of therapy.
Others have reported that FLT3 inhibition can result in up-regulation of FL expression. 28 Because all patients in our study were treated with lestaurtinib, it was possible that FLT3 inhibition was augmenting the chemotherapy-induced increase in FL levels. To determine the effect of FLT3 inhibition in vivo on FL plasma levels (alone, in the absence of chemotherapy), we tested plasma samples from patients treated with two other FLT3 inhibitors, sorafenib or AC220, on clinical trials. We tested 16 samples, all of which were obtained from patients with in vivo FLT3 inhibition to less than 15% of For personal use only. on June 11, 2017. by guest www.bloodjournal.org From baseline for at least 2 continuous weeks (by PIA assay; results not shown). The levels of FL in these patients during FLT3 inhibitor therapy ranged from 4 to155 pg/mL (mean 32 pg/mL), essentially the same as those seen in untreated patients, and roughly 2 orders of magnitude less than the levels seen in patients following chemotherapy.
We next wished to characterize the effects of FL on the efficacy of FLT3 inhibitors in vitro. Molm14 cells, which harbor a FLT3/ITD mutation, 29 were incubated in increasing concentrations of lestaurtinib in the presence of 0, 1, or 3 nanograms/mL (ng/mL) of exogenous FL. These FL concentrations were chosen because they were similar to those measured on Day 15 in the Cephalon 204 trial patients. As shown in Figure 2A , FL induces an upward shift in the dose response curve for inhibition of FLT3 autophosphorylation by lestaurtinib in plasma. There is a down-regulation of phosphorylated and total FLT3 in response to the addition of FL (presumably due to receptor internalization), but strikingly, at higher concentrations of lestaurtinib, FLT3 autophosphorylation is still very much evident compared to the same experiment performed in the absence of FL. At concentrations of 10 uM in plasma, which is a level frequently observed in the trial patients, 3 ng/mL FL results in significant residual FLT3 autophosphorylation compared to that seen in the absence of FL (Figure 2A) . The addition of FL resulted in the down-regulation of total and phosphorylated FLT3, which has been described in the literature and can be seen in Figure 2A . 30 Because of this receptor down-regulation, the kinetics of FLT3 inhibition are not first order, and therefore IC 50 calculations after linear transformation may not be accurate estimates of the true effect, but we have nonetheless included them in this analysis. We performed parallel
For personal use only. on June 11, 2017. by guest www.bloodjournal.org From experiments using culture medium rather than plasma, and observed a similar degree of shift in the dose response curves (data not shown).
We performed similar dose-response experiments (not shown), in medium and plasma, for other FLT3 inhibitors (sorafenib, AC220, PKC412, and KW-2449). In all cases, the addition of FL resulted in loss of complete inhibition by these agents at the highest doses used, and an upward shift in the dose response curves. Figure 2B illustrates the effects that the addition of 3 ng/mL FL has on the inhibitory efficacy of all of these drugs in plasma.
Since the intent of inhibiting FLT3 autophosphorylation in AML is to induce a cytotoxic response, we wished to determine if the cytotoxic effects of these FLT3 inhibitors were also mitigated by the addition of FL. Molm14 cells were incubated for 48 hours with increasing concentrations of both FLT3 inhibitors and FL, and then assayed for cytotoxic effect (Figure 3) . For all drugs analyzed, FL increased the IC 50 and IC 80 values for cytotoxicity. The results are summarized in Table 2 .
In 5 primary samples from AML patients with FLT3/ITD mutations (Figure 4) , we observed a similar pattern of response to FL and FLT3 inhibition. For all 5 samples, the addition of exogenous FL increased increased the metabolic activity of the sample in culture medium, and resulted in a relative upward shift in the cytotoxicity dose response curve. However, the degree of shift in the dose response curves was more variable than what we observed in the cell lines. IC 50 values were not calculated for these experiments For personal use only. on June 11, 2017. by guest www.bloodjournal.org From because of the lack of first order kinetics and because in some cases a reduction of metabolic activity to less than 50% of baseline did not occur over the drug concentrations used.
Increased FL levels are associated with decreased FLT3 inhibition in vivo
The continuous rise of FL levels with successive courses of chemotherapy leads to the prediction that in vivo FLT3 inhibition by lestaurtinib would be less effective after the first induction course. In confirmation of this, the mean PIA value from course 1 of the AML15 trial (18 samples total analyzed) was 3% of baseline, while in courses 2 through 4 (18 samples total) the value was 6.8% (p = 0.04). In order to better establish an association between elevated FL levels and impairment of FLT3 inhibition, we examined the data set for cases in which individual patients had similar plasma concentrations of lestaurtinib at two different time points during treatment, but different levels of FL. Figure 5A are two such cases. In both cases, the FL concentration rose from a low level to above 3 ng/mL, and in both cases the intensity of FLT3 autophosphorylation is more than 2-fold higher in the samples with the elevated FL. FLT3 activity is still sufficiently reduced from baseline such that a cytotoxic effect would be predicted, indicating that high drug levels can overcome the mitigating effects of high plasma FL levels, at least in these cases.
Shown in
In order to better characterize the effects of chemotherapy-induced FL increases on FLT3
inhibition within a single patient, we collected plasma from a newly-diagnosed AML For personal use only. on June 11, 2017. by guest www.bloodjournal.org From patient (without a FLT3 mutation) at diagnosis, and then every 5 days following induction chemotherapy. The chemotherapy regimen consisted of cytarabine 667 mg/meter squared/day by continuous infusion on Days 1-3, daunorubicin 45 mg/meter squared on Days 1-3, and etoposide 400 mg/meter squared/day on days 8-10. This was a more dose-intense regimen than either of the ones used in the lestaurtinib trials. We measured FL levels in the plasma from these time points (Figure 5B) , and then, in a parallel experiment, we added our most potent FLT3 inhibitor, AC220, 13, 31 to a concentration of 2 uM to each plasma time point sample. The AC220-containing plasma was then used to incubate Molm14 cells, and phosphorylated FLT3 was then evaluated by immunoblot. As shown in Figure 5B , FL levels rise following chemotherapy, reach a peak on Day 15, then fall back near baseline by Day 25. In parallel with the FL curve, the inhibitory activity of AC220 is significantly blunted between days 12 and 20, to the point at which FLT3 autophosphorylation is nearly 50% of baseline. This degree of FLT3 inhibition would correlate with significant loss of cytotoxic activity, extrapolating from pre-clinical in vitro studies with this agent. 13
Discussion
The concept of inhibiting FLT3 as a potential targeted therapy for FLT3-mutated AML is based on extensive pre-clinical studies. 11, 29, 32 These studies demonstrated that the degree of cytotoxic effect induced by FLT3 inhibitors was dependent on the degree of FLT3 inhibition achieved. Subsequent clinical studies indicate that the degree of clinical For personal use only. on June 11, 2017. by guest www.bloodjournal.org From response to these agents is likewise tightly correlated with the degree of FLT3 inhibition achieved. 10, 15 A primary problem with FLT3 inhibitors thus far has been a general lack of potency-a significant fraction of patients treated with FLT3 inhibitors such as lestaurtinib, midostaurin, and KW-2449 have had only partial FLT3 inhibition in vivo. 10, 15, 33 While combining a targeted therapy with conventional chemotherapy has become a common strategy, in the case of targeting FLT3 in AML, we have identified a unique obstacle to this approach. As previously reported by others, and confirmed with our data, FL levels can rise to the nanogram per mL range following chemotherapy, and successive courses of chemotherapy lead to even greater increases. Because AML therapy is predicated on the administration of recurrent courses of chemotherapy, FL levels are likely to be elevated through most of induction and consolidation. In relapse patients, the rise in FL levels appears to be even more rapid. These concentrations of FL clearly impair the efficacy of FLT3 inhibitors in vitro, and our data suggests that the impairment could conceivably be occurring in vivo as well. The relapsed patients as a group had higher FL levels and less effective FLT3 inhibition compared to the newlydiagnosed patients receiving their first induction, and moreover, we were able to identify a limited number of individual patient cases to corroborate this. These conclusions, of course, are based on a relatively small sample set and will need to be validated using larger sample sets from future clinical trials. Because the degree of FLT3 inhibition is so closely correlated to the degree of cytotoxicity induced, even a modest degree of impairment of inhibition is likely to influence the success of this therapy. Consistent with this is the finding of Zhou et al that resistance to the FLT3 inhibitor ABT-869 was associated with a modest increase in autocrine FL expression by leukemia cells. 28 For personal use only. on June 11, 2017. by guest www.bloodjournal.org From
The degree to which FL impairs the ability of a drug like lestaurtinib to inhibit FLT3 appears to be modest, but highly reproducible. In data that has been presented in abstract form, and is being submitted for publication currently, PIA results from the Cephalon 204 trial show only slight variation when performed on the same patient sample 3 separate times. We have noted previously that relatively small changes in the PIA assay predict clinical responses. 10 The assay therefore appears quite robust, as least as far as lestaurtinib is concerned.
While the mechanism by which FL impairs the activity of FLT3 inhibitors is not clear, the phenomenon of a ligand influencing the activity of kinase inhibitors has been observed with the endothelial growth factor receptor (EGFR). 34 Lapatinib has significantly reduced affinity for the ligand-activated EGF receptor, analogous to what we have observed for FLT3 inhibitors in this study. Interestingly, erlotinib, another EGFR inhibitor, actually has a higher affinity for the activated/ligand-bound receptor as compared to the inactive form. FLT3 inhibitors, it may be surmised, uniformly bind the inactive receptor with the highest affinity.Indeed, many kinase inhibitors are thought to bind to the inactive conformation of the kinase. 35 Based on the concentrations of ligand and inhibitor, the active or inactive conformation is favored at equilibrium. This would imply that the effects of FL could be overcome with sufficient inhibitor or with a more potent inhibitor.
In the case of lestaurtinib, elevated FL levels are almost certainly not the only reason for inadequate FLT3 inhibition in vivo. The drug has very complex pharmacokinetics, wide variations in plasma levels, and is highly protein bound to an acute phase reactant (alpha-1 acid glycoprotein). Furthermore, it seems very possible that other cytokines may have been influencing the activity of FLT3 in these patients. However, our in vitro findings strongly suggest that all FLT3 inhibitors will be subject to the effects of FL in patients.
The MRC AML15 trial is continuing to accrue patients (now in the context of the AML17 trial). In preliminary data, a high CR (complete remission) rate has been reported, which would be consistent with the high level of FLT3 inhibition evident in the course 1 samples shown here. 17 It remains to be seen whether or not there will be a long term benefit to continued treatment with lestaurtinib.
In addition to the Cephalon 204 and MRC AML15/17 trials, there are two additional trials examining the potential clinical benefit of combining FLT3 inhibition with chemotherapy. Ravandi et al reported on the feasibility of administering sorafenib with induction chemotherapy for newly diagnosed AML patients, including both FLT3 mutated and FLT3 wild type cases. 36 Twelve of 13 (92%) FLT3 mutant patients achieved a remission. In vivo FLT3 inhibition was assayed using the PIA assay, but only on Day 7 of induction. While FLT3 was fully inhibited in all patients assayed, the Day 7 time point would have been well before any rise in FL levels. In this trial, sorafenib was administered only during the first 7 days of induction, but for 28 day cycles during For personal use only. on June 11, 2017. by guest www.bloodjournal.org From consolidation chemotherapy. Our data would predict that FL levels might well impair sorafenib's ability to inhibit FLT3 during these consolidation courses.
The RATIFY trial is a randomized phase III trial testing the potential clinical benefit of the addition of PKC412 to induction chemotherapy for newly-diagnosed FLT3 mutant AML patients. 37 While PKC412 has been shown to effectively inhibit FLT3 in vivo when administered as a single agent, 33 it is not clear if it will have the necessary potency to inhibit the target in the context of the high FL levels we predict will occur with successive doses of chemotherapy. Since PKC412 is administered during induction, it may have its greatest efficacy early on, before FL levels rise. In preliminary data, the investigators reported a high complete remission rate, again consistent with what was seen in the AML15 and sorafenib trials described above. 37 In general, our data would suggest that an ideal FLT3 inhibitor would be one that can achieve plasma levels well in excess of what is required to fully inhibit FLT3 in the context of a monotherapy trial. In addition, these findings may shed light on the difficulty in achieving a marrow response with FLT3 inhibitors. Bone marrow stroma and T lymphocytes are thought to be the principal sources of circulating FL induced during aplasia. 26 Cell surface expression of FL by bone marrow stroma and by the high density of AML cells within the marrow would seem to have significant potential to interfere with FLT3 inhibitors. One novel approach to this problem would be to mobilize the leukemia cells away from the stroma (and from each other) using something other than chemotherapy, and then use a FLT3 inhibitor. Zeng et al have reported just such an For personal use only. on June 11, 2017. by guest www.bloodjournal.org From approach using a CXCR4 inhibitor, with success in an animal model. 5 In future trials combining FLT3 inhibitors with chemotherapy, one viable strategy may be to use the inhibitor only during the first week of induction chemotherapy, and once remission is achieved (and FL levels have returned to near baseline), re-introduce the inhibitor as maintenance therapy.
Finally, it may be hypothesized that FL is an important driver in FLT3 mutant AML, and may have a strong influence on prognosis. AML patients with FLT3 mutations can routinely be put into remission with induction chemotherapy, but have a high relapse rate.
Despite the presence of an activating mutation, FLT3 mutant AML cells remain highly responsive to stimulation by FL. 38 One could speculate that the high level of FL that would be predicted to be present in patients during consolidation therapy may actually be protective or even stimulatory to residual FLT3 mutant stem cells. This hypothesis could be tested prospectively by correlating FL levels with relapse rates in clinical trials in which FLT3 mutant AML patients are enrolled. Extending this concept yet further, a monoclonal antibody targeting FL, administered in the context of chemotherapy or concomitantly with FLT3 inhibitors, could have significant therapeutic benefit for AML patients.
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Turner Table 2 . Cytotoxicity assay results for FLT3 inhibitors in the presence or absence of FL. Molm14 cells were incubated for 48 hours with increasing concentrations of FLT3 inhibitors in the presence increasing concentrations of FL, and then assayed for cytotoxic effect using an MTT assay. The concentration of drug for which the optical density was reduced to 50% or 80% of its baseline was determined using linear regression analysis of the dose response curves after linear transformation using an exponential model. All r values in these experiments were equal to or greater than 0.99. . For Course 1, the mean FL concentration was 488 pg/mL (range 3-4099 pg/mL); for Course 2, the mean was 1196 pg/mL (range 34-8889 pg/mL); for Course 3, the mean was 2298 pg/mL (range 30-5451 pg/mL); for Course 4, the mean was 2145 pg/mL (range 76-7108 pg/mL). C) FL plasma levels from individual patients on the Cephalon 204 trial at 3 different time points during therapy. For the baseline samples, there was a single sample measuring 2953 pg/mL. Twenty two baseline samples had FL levels below the limit of detection for the assay (e.g., less than 2 pg/mL). These samples were listed as having 2 pg/mL. For the baseline samples, the median was 5 pg/mL, the mean was 57 pg/mL, and the range was from undetectable to 2298 pg/mL. for the Day 15 samples, the mean was 1173 pg/mL, the median was 721 pg/mL, and the range was 19-3818 pg/mL. For the Day 42 samples, the median was 187 pg/mL, the mean was 642 pg/mL, and the range was 4-5767 pg/mL.
Figure 2. FL impairs inhibition of FLT3 autophosphorylation in vitro. A)
Molm14 cells were exposed to increasing concentrations of lestaurtinib in the presence of 0, 1, and 3 ng/mL of FL in plasma for 2 hours. FLT3 autophosphorylation was then evaluated by immunoblotting (gels, left) by immunoprecipitating FLT3, then, after electrophoresis and transfer to membrane, probing with anti-phosphotyrosine. The bands were analyzed by densitometry and plotted (graph, right). B) Molm14 cells were incubated in plasma with 10 uM of the indicated drug and 0 ("-") or 3 ("+") ng/mL of FL for 2 hours. FLT3 autophosphorylation was then evaluated by immunoblotting. 
Figure 5. FL impairs inhibition of FLT3 autophosphorylation in vivo. A)
Plasma samples from two individual patients treated on the MRC AML15 trial were collected at different time points and then assessed for FLT3 inhibitory activity (PIA assay). Cells were exposed to the plasma for 3 hours, and then lysed. FLT3 was immunoprecipitated, subject to electrophoresis, and transferred to a membrane. The blot was probed with antiphosphotyrosine (upper row), then stripped and re-probed with anti-FLT3 (lower row). FL and lestaurtinib levels were determined from the same plasma samples as described in Methods. B) Plasma was collected from a single, newly diagnosed AML patient at different time points following diagnosis and treatment with induction chemotherapy (cytarabine, daunorubicin, and etoposide). The plasma was assayed for FL levels by ELISA and plotted (open circles). In parallel, AC220 was added to a concentration of 2 uM for each time point, and used to incubate Molm14 cells for 2 hours. Each sample was then assayed for FLT3 inhibitory activity as in (A). The densitometric analysis of the phospho-FLT3 blot (upper blot) was plotted in solid circles on the graph. Blood (print ISSN 0006-4971, online ISSN 1528-0020), is published weekly by the American Society of For personal use only. on June 11, 2017. by guest www.bloodjournal.org From
